Solar cells made from III-V materials have achieved efficiencies greater than 30%. Effectively ideal passivation plays an important role in achieving these high efficiencies. Standard modeling techniques are applied to Ga 0.5 In 0.5 P solar cells to show the effects of passivation. Accurate knowledge of the absorption coefficient is essential (see appendix). Although ultralow (<2 cm/s) interface recombination velocities have been reported, in practice, it is difficult to achieve such low recombination velocities in solar cells because the doping levels are high and because of accidental incorporation of impurities and dopant diffusion. Examples are given of how dopant diffusion can both help and hinder interface passivation, and of how incorporation of oxygen or hydrogen can cause problems.
INTRODUCTION
III-V solar cells can achieve very high efficiencies (80-90% of theoretical efficiency) because the material quality and interface passivation are almost ideal. The Ga 0.5 In 0.5 P/GaAs twojunction solar cell, invented and developed at NREL, has achieved high efficiencies of around 30% [1] [2] [3] and is in large-scale production [4, 5] . We have shown that very low (as low as 1.5 cm/s [6] ) interface recombination velocities (IRV) can be achieved for the Ga 0.5 In 0.5 P/GaAs interface. However, in actual device structures, much higher IRVs are often observed. A detailed understanding of the structures and growth of solar cells is necessary to obtain effectively ideal interfaces (i.e., ones with IRVs less than 10,000 cm/s.) In this paper, we calculate the effects of passivation of the front and back of Ga 0.5 In 0.5 P (hereafter, GaInP) solar cells on both the photocurrent and photovoltage, and give examples of how and why ideal passivation is not always achieved.
THEORETICAL APPROACH
We present here a brief description of the importance of interface passivation to photovoltaic device operation, using the GaInP cell as an example. Thorough treatments of photovoltaic devices can be found elsewhere [7, 8] . A schematic for a solar cell is shown in Fig. 1 . For convenience, we discuss an n-on-p structure, but this discussion also applies to a p-on-n structure with appropriate redefinition of terms. High-efficiency III-V solar cells typically use a thin (~0.1 µm) n layer, commonly referred to as the emitter of the device (Fig. 1) . The solar spectrum, striking the front of the cell, includes ultraviolet, visible, and infrared light. The absorption coefficient for short-wavelength light (referred to hereafter as "blue" light) is quite large, and most of the blue light is absorbed very close to the front of the cell-generating photocarriers in the emitter layer. Light with energy close to, but above the band edge (referred to hereafter as "red" light), is weakly absorbed (generates photocarriers) throughout the cell. Sub-band-gap light is not absorbed and passes through the cell. The photocarriers generated by the super-bandgap light diffuse inside the cell until they are either collected at the p-n junction or recombine with a majority carrier, either by bulk or interface recombination. The efficiency of the solar cell is increased when all the photocarriers are collected at the junction instead of recombining elsewhere. Thus, effective passivation of the front and back of the cell improves the efficiency of the cell.
An ideally passivated interface "reflects" minority carriers, but passes majority carriers. Examples of two such interfaces are included in Fig. 1 . The passivating layer at the front of the cell is often referred to as the "window" layer because it must be transparent if the solar cell is to have a high efficiency. The back of the cell is passivated by a structure referred to as a "back- Schematic of an n-on-p solar cell. Blue light is strongly absorbed close to the front of the cell, generating photocarriers in the emitter. Red light is absorbed throughout the cell. The photo-generated minority carriers diffuse within the emitter and base, may be "reflected" by the passivating layers, and are collected at the junction by the field in the depleted layer. The resulting majority carriers then pass through the passivating layers and are used in an external circuit.
surface field." This layer does not need to have a higher band gap as long as it provides an adequate barrier to minority carriers. This can sometimes be provided primarily by increased doping in the passivating layer (for n-type GaAs and for GaInP), as shown in Fig. 1 , but a higher band gap material may work more reliably, especially when doping causes a reduction in the band gap, as in the case of p-type GaAs.
The current-voltage (IV) curve for a solar cell (Fig. 2 ) in the dark is given by the standard diode equation. If superposition holds (and the photocurrent is independent of the voltage), the light IV curve has the same shape as the dark IV curve, but is shifted downward by the shortcircuit current (J sc ). The open-circuit voltage (V oc ) is the voltage at which the magnitude of the dark current equals the J sc . The maximum power output of the solar cell is given by the product of the J sc , the V oc , and the fill factor (a measure of the "squareness" of the IV curve). Passivation of the front and back of the solar cell increases both the J sc and the V oc . We first describe the effect of the passivation on the J sc , and then on the V oc .
If certain assumptions are made, including a device structure with uniform layers similar to that shown in Fig. 1 , low injection, and ideal semiconductor material, the transport equations can be solved in closed form [7, 8] . The quantum efficiency (QE), defined as the probability of collecting a photocarrier for each photon, is given for the emitter region by
where the variables are defined in Table 1 .
Similarly, the probability of collecting a photocarrier from the base is given by In the depleted layer, the electric field aids the collection of photocarriers, resulting in collection of every photocarrier generated there, as calculated by:
The total internal QE is obtained by summing the contributions of the emitter, base, and depleted layers (eqs. 1-3). The QE is a function of wavelength, λ, because of the λ-dependence of the absorption coefficient, α. In practice, the external QE and the reflectivity are measured, and the internal QE calculated from the external QE(λ) divided by [1-R(λ)], where R(λ) is the reflectivity as a function of λ. The J sc is obtained from the integral of the product of the QE with the spectrum of interest. Fig. 3 shows a fit to data, including the contributions from the three regions. For all of the curves presented in this paper, the QE was also reduced to account for absorption in a 0.025-µm-thick Al 0.5 In 0.5 P window layer. In practice, it is very difficult to differentiate low L n from high S n . An equally good fit was obtained by using a S n <10 4 cm/s and L n of about 0.5 µm. We emphasize that the quality of the fit is very dependent on our knowledge of α(λ) (see appendix).
Figs. 4 and 5 show the total internal QEs calculated from eqs. 1-3 using the parameters in Table 1 , and varying the values for S p and S n .
For large absorption coefficients, a high S p causes the blue response to decrease dramatically (Fig. 4) . However, a high S p also causes a reduction in the red response as well. In contrast, high S n causes a reduction only in the red response, with almost no measurable effect in the blue response for a thick cell (Fig. 5 ). Table 1 , including S n =1.7X10 6 cm/s. 6
If the cell is thinned so that more light penetrates near the back surface, then an increase in S n causes a decrease of both the red and the blue response, with the red response decreasing even more dramatically. The most significant result here is that the QE is increased when S n or S p is reduced from 10 7 to about 10 4 cm/s, but further reduction of S n or S p has a negligible effect on the QE.
Similar calculations for p-on-n cells show that the effect of passivation of the back of the cell is less than for the n-on-p cell. In practice, a p-on-n cell usually uses a thicker emitter and thinner base. The differences observed between the n-on-p and p-on-n cell are a result of the poor minority hole transport properties compared with those of electrons. Poor hole collection in a 0.1-µm-thick, n-type emitter is not a serious problem in the n-on-p cell, but is much more of a problem in a 3-µm-thick, n-type base of a p-on-n cell. However, in practice, because most GaInP cells are grown thin to help match the currents of the GaInP and GaAs cells [9] , both cells require passivation of both the front and the back of the cells. Thick GaAs p-on-n cells benefit negligibly from back-surface passivation because the base thickness ≥ L p .
Passivation of the solar cell also decreases the dark current of the solar cell, and, therefore, increases the V oc . Assuming ideal material, the transport equations can be solved to give the dark current associated with the base and emitter regions (first two terms in eq. 4) [7, 8] . An estimation of the dark current in the depleted layer is included as the third term [8] and is discussed below.
where n i is the intrinsic carrier concentration, N A and N D are the concentrations of acceptors and donors, V d is the built-in voltage, and τ is the nonradiative carrier lifetime, given by 1/N T σv th , the reciprocal of the product of the trap density, the capture cross section, and the thermal carrier velocity [8] .
The base and emitter terms are the diode injection current and are affected both by bulk recombination and by interface recombination. The impact of the two types of recombination on the relative V oc can be expressed as a function of two dimensionless variables [9] . The bulk recombination is described by the ratio of the layer thickness to the diffusion length, x/L, and the ratio of the interface recombination to bulk recombination by SL/D (Fig. 6) . The same results are applicable for both n-and p-type material, so the subscripts have been removed in Fig. 6 . For thick layers or short diffusion lengths (layer thickness > diffusion length), the bulk recombination dominates and the V oc is independent of SL/D. For thin layers, the interface recombination strongly affects the V oc . Just as the QE is not affected by passivation of the back of a GaAs p-onn cell (for which x B ≥ L p ), the V oc is also not affected.
The third term in eq. 4 estimates recombination at defects in the depleted layer. This Shockley-Read-Hall (SRH) recombination is strongest in the part of the depleted layer for which the intrinsic level is approximately midway between the electron and hole quasi-Fermi levels. The equations describing the SRH recombination cannot be solved in closed form. In practice, the SRH recombination is difficult to quantify because the trap state density, energy, and capture cross section are usually not well known.
Also, errors may be introduced because of approximating the third term in eq. 4 [10] .
The terms in eq. 4 can be differentiated by their voltage dependencies. The first two terms show an exponential dependence on qV/nkT with n (diode quality factor) is equal to unity. In contrast, the third term shows an exponential dependence on V with n= 2 and an additional V dependence in the preexponential. Therefore, the depleted layer dark current is sometimes referred to as "n= 2" current. In practice, the voltage at the maximum-power-point on the IV curves of small high-efficiency cells may be dominated by an n=2 dark current that comes from recombination at the perimeter of the cells. This perimeter recombination can be reduced by passivation of the III-V exposed junction surfaces [11] . Despite the qV/2kT term in the exponential, SRH recombination in the depleted region may show n<2 because of the V dependence of the preexponential. In extreme cases, n may approach unity even when the dark current is dominated by SRH recombination [8] .
When a solar cell is inefficient, the cause may be poor passivation, but it may also be something else. When the V oc is low, a diode quality factor of 2 implies that the problem is in the depleted layer. An example of an extreme case of this is shown in Fig. 7 . Both the n=2 nature of the dark current and the micrograph imply that recombination at defects in the depleted layer is the cause of the high dark current. When the V oc is poor and the diode quality factor is unity, the cause may be either bulk or interface recombination. These, theoretically, can be differentiated by varying the thickness of the layer. If the V oc improves as the cell is thinned, then the problem is likely to be bulk recombination. If the V oc is reduced by thinning, then poor interface passivation is suspected. If the V oc is unchanged, then, either x>L or the bulk and interface recombinations are of equal importance. Table II summarizes a few interface recombination velocities measured on double heterostructures. All (except for one) of these values are low compared with the values used in calculating the data in Figs. 3-5, implying that it should be possible to grow solar cells with essentially no losses from poor surface passivation. However, the data in Table II demonstrate that the IRV increases with both the doping of the active layer and with aluminum content of the passivating layer. Substitution of aluminum for gallium in most III-V materials increases the band gap without significantly changing the lattice constant. Thus, theoretically, aluminumcontaining III-V materials make ideal passivating layers. However, practically, the use of aluminum is much more difficult because of the gettering of oxygen that comes with increased aluminum content, and because of the tendency of aluminum-containing alloys to form DX centers. The one IRV in Table II that is greater than 10 4 cm/s is the passivation of p-type GaInP with p-type AlGaInP. In the GaInP/GaAs solar cell the p-type GaInP is the most challenging layer to passivate because p-type AlInP and AlGaInP are so sensitive to low levels of oxygen. Table II is the use of disordered GaInP to passivate GaInP. The band gap of GaInP (at a fixed composition) varies with growth conditions because of ordering of the Ga and In atoms on the group III sublattice [12, 13] . Thus, a high-band-gap (disordered) GaInP layer can be used to passivate a low-band-gap (partially ordered) GaInP layer. Higher doping also tends to create a passivating layer. (This works well for n-type GaAs, but is less effective for p-type GaAs because of heavy doping effects [14] ). One of the examples cited in Table II and several of the results reported below use a high-band-gap, high-zinc-doped GaInP layer to passivate a second GaInP layer with lower band gap and lower zinc doping. The movement of zinc in a GaInP layer has been shown to disorder an ordered GaInP layer [15] . Thus, a passivating GaInP layer can be formed by diffusing zinc into it. An example of this will be discussed below. 15 disordered Ga 0.5 In 0.5 P < 2 n<10 15 Al 0.25 Ga 0.25 In 0.5 P 7 n<10 15 Al 0.5 In 0.5 P 8 5 n<10 15 Al 0.5 Ga 0.5 As 180 n<10 15 Al 0.85 Ga 0. 15 As >5000 [20] Although aluminum-containing alloys are attractive candidates for passivating layers, they often cause incorporation of oxygen, leading to enhanced recombination at interfaces. Such an effect of poor passivation because of oxygen contamination in an Al 0.5 In 0.5 P window layer is shown in Fig. 8 [21] . Oxygen incorporation can also lead to majority-carrier transport problems.
EXPERIMENTAL DATA

One very interesting result shown in
One challenge of achieving the low IRVs noted in Table II in solar cells is that growth of devices with p-n junctions sometimes causes dopant diffusion. The dopant diffusion may either help or hinder the passivating layers. Specifically, growth of n-type layers on top of Zn-doped layers has been shown to cause diffusion of the Zn. Deppe put forth an explanation for this effect that explains a significant fraction of the data [22] . He hypothesized that Fermi-level pinning at the growth surface controls the concentration of point defects. Although an equilibrium concentration of Ga interstitials is obtained at the growing surface, when that layer is covered by subsequent growth layers and the Fermi level shifts back to its normal value, there is then an excess concentration of Ga interstitials. These move into the underlying zinc-doped layers where they "kick out" zinc atoms, freeing them to diffuse through the material [22] . Although it is difficult to prove or disprove this model, the dopant diffusion can easily be observed (Fig. 9 ) [23] . The measured QEs of these samples are shown in Fig. 10 . The sample with the degraded back-surface field also shows degraded red response (around 2 eV), as would be predicted (compare to Fig. 5 ). The change of blue response is less surprising because we calculate that changing the emitter will change the blue response. As pointed out below, diffusion of Zn at the back of the GaInP cell does not necessarily result in a degraded back-surface field. The situation can be more complex than only an increase in S n , since the diffusion of Zn causes the GaInP to become disordered and higher in band gap, which also reduces the red response.
with purifier no purifier with water Phosphine #2 Phosphine #1 Fig. 8 . QE of GaInP cells with and without a phosphine purifier for two different phosphine sources and when water was added (two different runs) intentionally by passing 0.1 sccm of hydrogen through a bubbler containing water at 3°C. The with-purifier performances differ for the two phosphine sources because the device structures were different. The top four curves were measured on two-junction (GaInP/GaAs) devices. The data in Figs. 8 and 9 show how growth-induced dopant diffusion can harm intentionally added passivating layers, but the dopant diffusion can also create an unintentional passivating layer. For example, Table III compares the V oc s of three GaInP cells grown identically except for the choice of the back-surface field. In this case, dopant diffusion from the Zn-doped GaAs buffer layer caused the back-most part of the GaInP base to become disordered and highly doped: almost an ideal back-surface field.
This Zn diffusion is often avoided in transistor structures by using carbon as the p-type dopant instead of Zn. However, C doping of GaInP does not work well, and the solution for
GaInP cells is more difficult, especially when Si is the n-type dopant. However, Zn diffusion can be avoided, even in Si-doped GaInP cells, if the back of the n-on-p GaInP cell is passivated by using a clean, p-type AlInP layer. The p-type AlInP passivation leads to lower V oc s and increases the series resistance if the AlInP layer is not clean [24] . Back-surface-field design V oc (V) Intentional high-E g GaInP 1.348 Zn:GaAs buffer (no intentional back-surface field)
1.335 C:GaAs buffer (no intentional back-surface field)
1.275
An ideal passivating interface (window or back-surface-field shown in Fig. 1 ) must not only reflect minority carriers, but must pass majority carriers. For example, problems are encountered if a conduction-band spike impedes electron transport past an interface between two n-type layers. This can happen for a number of reasons. We report next a problem with hole transport across a p-type AlInP/GaInP interface for a p-on-n GaInP solar cell.
Hydrogen passivation of zinc (and other) acceptors results in a reduced hole concentration. After chemical vapor deposition of GaAs and related materials, the sample is traditionally cooled in an arsine (or phosphine)-containing gas ambient to prevent loss of arsenic (or phosphorus) from the surface. The arsine is known to decompose on the surface, creating atomic hydrogen that can diffuse into the semiconductor material. In p-type material, atomic hydrogen is positively charged, and the resulting proton moves very rapidly. In n-type material, the proton picks up an electron and is much less mobile. Thus, atomic hydrogen diffusing into a p-on-n structure is concentrated in the p-type layer, dramatically reducing the hole concentration in the p-type layer. The hole concentration may be reduced to a value where the majority hole transport is impeded. This is especially a problem with p-type AlInP for which oxygen impurities compensate zinc acceptors [21] . In Fig.11 we compare the IV curves of two GaInP p-on-n cells that were grown under identical conditions including a final GaAs cap that is used as a contacting layer, but removed from the active areas of the cells. Although the growth conditions were identical, one cell was cooled under arsine while the other was cooled with no arsine (both used molecular hydrogen as the primary gas ambient, but the molecular hydrogen does not decompose into atomic hydrogen under these conditions). Fig. 11 shows that the sample cooled in arsine shows a non-ohmic series resistance associated with the GaInP-AlInP-GaAs junction at the front of the cell. This series resistance reduces the fill factor, and, therefore, the efficiency of the solar cell. 
SUMMARY
We calculated the QE for GaInP cells with front and back-surface interface recombination velocities between 1000 and 10 7 cm/s. These curves showed that IRVs <10 4 cm/s are needed for effectively ideal passivation. Poor passivation of the front of the cell reduces the photocurrent (primarily by loss of blue response) as well as the photovoltage. Passivation of the back of a thick cell affects the red response and photovoltage of the cell, but has a negligible effect on a thick p-on-n cell. Thin cells (often needed for multijunction stacks) show an improved photovoltage and photocurrent if well passivated, even for the p-on-n design.
Although very low IRVs are reported in the literature, because of the need to dope the cells and the complexities of cell growth, much higher IRVs are frequently observed in solar cells. Dopant diffusion during growth can help or hinder passivating schemes, while accidental or intentional addition of oxygen and/or hydrogen can reduce passivation and increase barriers to majority-carrier flow. Low photovoltage from high IRV can be differentiated from low photovoltage from high defect densities by looking at the diode ideality factor.
APPENDIX-ABSORPTION COEFFICIENT OF GaInP
Although ellipsometric studies of the optical properties of GaInP and AlInP [25, 26] have been reported in the literature, accurate modeling of GaInP solar cells requires more detailed knowledge of the absorption coefficient, α. A complication of evaluating α• is that the band gap and optical properties of GaInP vary with growth conditions [13, 27] . Also, α varies with doping. A detailed investigation of α as a function of both ordering and doping is lacking, but we find that we can model GaInP cells reasonably well using the approach presented below.
The ellipsometric studies measure the dielectric constants, ε1 and ε2, accurately in regions of high absorption, but give fairly inaccurate results near the band edge. Kato, et al. presented data and empirical equations fitting the data [25] . However, their empirical equations are inaccurate near the band edge (see Fig. 12 ) and include a tail extending well below the band gap. The curves presented in Fig. 13 of reference [25] were modified at the band edge to improve the accuracy, but the modification procedure was not described [28] . We have measured the absorption near the band edge using a simple transmission measurement and find that the nearband-edge data can be fit by α(E) = 5.5 (E − E g ) + 1.5 (E − E g − 0. 1) where E is the photon energy and Eg is the fundamental band gap, both in eV, and α in 1/µm. This equation assumes a parabolic direct gap and is accurate near the band edge, but not at higher energies (see Fig. 12 , "Direct gap only" trace). The absorption at the band edge is much weaker than the absorption associated with the E 1 transition. Omission of this higher absorption (especially in the AlInP window) prevents useful modeling of GaInP solar cells. Kato's data are accurate for photon energy >3 eV, but not near the band edge. To obtain the fits presented in Fig.  3 , we have used the band-edge data for E<2.7 eV and Kato's empirical fit for E>3.1, with a smooth connection between the two (see dotted line in Fig. 12 ). Compares GaInP absorption coefficient using Kato's published empirical fit [25] , direct-gap absorption near the band edge, and a combination of the two. The "combined" curve was used for the calculations presented in this paper. Use of either of the two other curves gave unsatisfactory fits.
